We investigated the acoustic properties in the sub-GHz frequency regime of a multilayer system comprising alternating 100-nm scale TiO 2 /poly(methyl methacrylate) (PMMA) layers through a laser photoacoustic method, impulsive stimulated thermal scattering (ISTS). The acoustic dispersion curves were determined, and the mechanical properties were extracted from the experimental results.
I. INTRODUCTION
The mechanical behavior of multicomponent materials that contain ordered or partially ordered domains can be markedly different from those exhibited by each individual neat component. 1 This opens the possibility to optimize mechanical properties of materials for specialized applications based on the manner in which the individual components are combined and structured. Amorphous polymers such as poly(methyl methacrylate) (PMMA) and nanocrystalline materials such as titania (TiO 2 ) are particularly attractive for many engineering applications due to their intrinsic properties including transparency, relatively high moduli, and their ease of processibility, which enables a wide range of systematically variable multicomponent morphologies to be produced. 2, 3 In multilayer systems with these components, it should be possible to control the mechanical behavior, as well as the acoustic properties including phase and group velocity dispersion and phononic and possibly phononic band gap structure, by controlling the ordering and thickness of each individual layer and/or by optimizing the number of layers. 4 We have used multilayer structures of PMMA and TiO 2 nanoparticles as model systems to understand the mechanical behavior of complex multilayer stacks. A better understanding of the mechanical properties of these types of systems will be used in the design of new materials for energy-dissipation applications. 5 Our study involved the use of a laser photoacoustic method, impulsive stimulated thermal scattering (ISTS), designed for noncontact, fast and nondestructive measurement of sub-GHz frequency bulk and thin-film acoustic waves. 6, 7 We determined the acoustic dispersion curves of neat PMMA, neat TiO 2 nanoparticles, and PMMA-TiO 2 multilayers to characterize the evolution of mechanical properties of the multilayer structure.
II. EXPERIMENTAL

A. Sample preparation
Inorganic TiO 2 nanoparticles and PMMA have been used as high and low elastic modulus materials, respectively, for constructing multilayer phononic structures. TiO 2 nanoparticles were prepared by the synthetic scheme of Sanchez et al. 8 The nanocrystalline TiO 2 particles were composed of anatase phase (refractive index ∼1.85 at 500 nm) with an average diameter of about 1 to 5 nm. The TiO 2 nanoparticles attached with an organic surface capping group (acetylacetone) were readily dissolved in butanol. We estimate the weight fraction of TiO 2 nanoparticles in thin film to be around 90% to 95%. PMMA (Aldrich, St. Louis, MO, M W : 15,000 g/mol) was used as received and dissolved in toluene. For fabrication of an organic-inorganic multilayer phononic structure, (TiO 2 PMMA) 5 , solutions of TiO 2 (in butanol) and PMMA (in toluene) were alternately spin coated on a glass substrate to target thicknesses, based on phononic band gap models, of 100 nm (TiO 2 ) and 120 nm (PMMA). The thicknesses were controlled by concentration of the solution, amount of solution, and spin speed. A final gold layer (130 nm thick) was deposited by ebeam so that the ISTS excitation pulses would be strongly absorbed and the probe light highly reflected.
B. ISTS technique
ISTS is a time-resolved optical spectroscopy technique in which pulsed laser light is used to generate coherent acoustic waves whose time-dependent oscillations and decay are monitored in real time. The ISTS experimental geometry is illustrated in Fig. 1 . In the case of an opaque sample surface or a thin film, pseudo-Rayleigh and pseudo-Lamb surface acoustic waveguide modes are generated. Their properties can be modeled and fit to experimental data to determine the intrinsic mechanical properties of the structure investigated. 9 Two excitation pulses derived from the same laser are overlapped spatially and temporally at an absorbing sample to form an optical interference pattern of alternating peaks and nulls ( Fig. 1) . Absorption of pump light at the peaks produces sudden (i.e., "impulsive"), spatially periodic heating that launches thermal expansion and surface acoustic waves. The interference fringe spacing gives the acoustic wavelength and the corresponding acoustic wave vector magnitude, q, which depends on the optical excitation wavelength and the angle between the two excitation pulses.
Time-resolved diffraction, or coherent scattering, of a continuous-wave laser beam is used to probe the surface acoustic waves. The diffracted probe beam is collected by a fast photodiode whose signal is read out by a transient digitizing oscilloscope to record the time-dependent acoustic response. The acoustic wave-vector magnitude q and corresponding frequency (q) are determined by the angle between the excitation pulses and the associated optical interference fringe spacing. 10 Note that while the in-plane and through-plane acoustic properties of the multilayer structure are expected to be widely different, the in-plane properties that are examined here should be isotropic. Complementary photoacoustic methods may be used for generation and measurement of acoustic waves that propagate through the plane of the structure. 11, 12 There is a strong dependence of the acoustic frequency on the elastic properties, density, thickness, and mechanical boundary conditions (e.g., substrate adhesion or delamination) of each film in a multilayer stack. The measurement of multiple acoustic waveguide modes and their dispersion reveal acoustic behavior that can then be used to extract the elastic properties of the film by fitting of a multilayer acoustic model to the experimental data.
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III. RESULTS AND DISCUSSION
Representative ISTS data from a PMMA-TiO 2 multilayer structure at 12-m acoustic wavelength are shown in Fig. 2 . In each case the substrate is soda-lime glass and there is a 130 nm gold overlayer. The data show timedependent acoustic oscillations and their decay. The acoustic frequencies are extracted through Fourier transformation of the data. Multiple frequencies indicate several acoustic waveguide modes that are excited and probed in the measurement. FIG. 1 . ISTS experiment. The pump (i.e., excitation) pulses are 350 fs in duration and 340-nm wavelength, generated using an amplified ytterbium:tungsten laser system. The 532-nm continuous-wave probe (i.e., detection) laser beam is generated by a single-mode Nd:YAG laser. Pump and probe beams are diffracted into ±1 orders by a binary phase mask pattern. The two resulting pump beams are recombined to form the spatially periodic excitation pattern that results in coherent acoustic wave generation. The two probe beams are used for optical heterodyne detection of time-dependent signal that is diffracted by the acoustic response. The phase mask pattern is one of many with different spatial periods on a glass slide, so the acoustic wave vector may be varied by moving different patterns into the beam path.
The dispersion curves of the samples investigated are shown in Fig. 3(a) . Numerical simulation of the lowestorder acoustic waveguide mode frequency dispersion curve was performed to extract the physical parameters of PMMA and TiO 2 nanoparticles that are indicated in Table I . The uncertainties of the multiparameter fitting were estimated by iteratively changing and fixing individual parameters such as layer thicknesses, densities, longitudinal and transverse acoustic velocities, and letting the other parameters vary to optimize the fit. When acceptable fits could no longer be reached by varying the other parameters, the fixed parameter was deemed to be outside of its uncertainty window. More than 10% variation in any of the fitted parameters resulted in a serious deterioration of the quality of the fit to the experimentally observed values. The upper bound on the overall uncertainties of the extracted parameters is then estimated to be 10%.
The results of our fits are in good agreement with values for the bulk materials found in literature. 14, 15 The elastic parameters for TiO 2 nanoparticles encapsulated in organic surfactant are in proportion to the weight fraction of TiO 2 (∼90-95 wt%) in the matrix. Thus, the ISTS technique offers in situ sensitivity to the ordering of complex structures. Our results suggest that the equivalent parallel spring model works well for this system of aggregated nanoparticles. 16 The dispersion curve of the multilayer structure PMMA-TiO 2 has been simulated quantitatively with the parameters extracted from the Averaged or "effective" properties are given for the multilayer structure, determined by assuming it was a single uniform layer. The dashed lines show numerical simulations through which dynamic mechanical "effective" parameters for the multilayer structure are determined, assuming it was one uniform layer. These dispersion curves are derived from acoustic frequencies measured in the multilayer structure at different experimental set wave vectors as displayed in Fig. 2 .
neat samples. The acoustic phase velocity values, which are lower than those of either constituent, are well reproduced. If we model the multilayer structure as a single equivalent layer, this layer has modulus values in quantitative agreement with the simplest formula for an equivalent series spring system. 16 As expected, the modulus of the equivalent layer lies closer to that of the softer material (PMMA) than the harder one (TiO 2 nanoparticles).
The phase velocity dispersion curves for the three samples, along with limiting values for the substrate and the bulk materials, are shown in Fig. 4(a) . The qualitative trends are as expected, namely higher velocities, approaching that of the substrate, at smaller wave vectors in which the correspondingly longer acoustic wavelengths extend farther into the substrate and more closely reflect the substrate properties. In each case, the shortest acoustic wavelengths are still longer than the film thickness d; that is, we are always in the qd < 1 regime and so the bulk values that would be reached in the limit of very short wavelength are never approached closely, but the trend is toward these values as wave vector is increased. Figure 4(b) shows the group velocity dispersion curves. Of particular interest is the result for the multilayer sample, in which the group velocity is extremely low in the range of higher acoustic wave vectors. This means that the speed of acoustic energy transport in the plane of the multilayer film is unusually slow at these wave vectors. This may have useful implications for dissipative structures since slow speeds offer longer times for damping to occur. In this structure, the low group velocity appears to arise from an avoided crossing between the two lowest-order acoustic waveguide modes. More generally, acoustic band gap structures might be constructed that would exhibit similar properties in all directions in selected wave-vector ranges.
IV. CONCLUSIONS
ISTS measurements have been made on a PMMATiO 2 multilayer structure that may serve as a prototype for acoustic band gap materials or other designs with substantial acoustic impedance mismatch between alternating layers. The lowest-order acoustic waveguide modes have been characterized in samples composed of the individual materials and the multilayer structure in the sub-GHz frequency range. Throughout this range, the acoustic phase velocities in the multilayer sample are lower than those of either of the two components, and the modulus values of the multilayer structure lie between those of its constituents. A regime has been observed in which the multilayer structure exhibits extremely low acoustic group velocity in the lowest-order waveguide mode, suggesting possible applications in structures that exploit the slow sound speed for increased dissipation or, at larger amplitudes, improved mitigation of dynamic mechanical impact.
